S upracondylar fractures of the humerus are the most common type of elbow fractures in children, accounting for 50% to 70% of all fractures about the elbow as well as for approximately 30% of all limb fractures in children under the age of 7 years. 1, 2 It is estimated that the extension-type represents approximately 96% to 98% of all pediatric supracondylar fractures of the humerus, whereas the flexion-type represents approximately 2% to 4%. [3] [4] [5] The standard operative treatment for displaced extension-type and flexion-type supracondylar humeral fractures alike is reduction followed by percutaneous pin fixation, although disagreement exists regarding optimal pin placement; the use of a medial pin may unnecessarily risk ulnar neurapraxia, whereas the use of lateral pins alone may demonstrate less biomechanical strength. Of all complications associated with supracondylar humeral fracture, nerve injury ranks highest.
Older reports of pediatric extension-type supracondylar fractures suggested that the radial nerve is at greatest risk of neurapraxia at patient presentation; however, more recently, the literature has implicated the anterior interosseous nerve. 3 Although little data exist on the incidence of neurapraxia in the rare flexion-type supracondylar fracture, a small number of studies have specifically quantified this fracture type's risk of nerve injury at presentation. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The purpose of our study was to conduct a meta-analysis of the literature describing displaced pediatric supracondylar humeral fractures, primarily to determine the risk of traumatic neurapraxia in extension-type as compared with that of flexion-type supracondylar fractures; secondarily, our aim was to perform subgroup analysis to assess the risk of iatrogenic neurapraxia caused by pin fixation.
METHODS

Eligibility and Exclusion Criteria
To assess the risk of traumatic and iatrogenic neurapraxia in displaced supracondylar fractures, we identified articles that met the following eligibility criteria: (1) a target population consisting of a consecutive series of pediatric patients who presented with a displaced supracondylar fracture of the humerus; (2) a study population of 10 or more subjects; (3) documentation of the frequency of neurapraxia in reference to the median, anterior interosseous, radial, posterior interosseous, or ulnar nerves at patient presentation.
Articles were excluded from our meta-analysis if their study populations included patients with nondisplaced fractures. If, however, the researchers of a study that included nondisplaced fractures specifically stated that the reported neurapraxias were caused only by displaced fractures, then the study population was included, less the patients with nondisplaced fractures. Furthermore, because there is a tendency in both the literature and the clinic for median and anterior interosseous neuropathy to be grouped collectively as median neurapraxia, studies that did not distinguish between the 2 nerves or otherwise describe the clinical presentation of the median neurapraxia were excluded. In addition, because open reduction procedures are not without risk of iatrogenic neurapraxia, 5, 15, 16 the researchers felt it was important to exclude articles from iatrogenic subgroup analysis if they included open procedures among their closed procedure study population without specifically attributing neurapraxia to closed procedures. Particularly, open procedures were excluded because as the least common operative treatment for supracondylar fractures, there was a scarcity of data for open procedures among our included studies.
Study Identification
One researcher (J.B.) searched the PubMed MED-LINE database (1950 to July 2009) for the terms ''supracondylar humer*'' or ''supracondylar fracture.'' The ''related articles'' search feature was also used on articles that appeared highly pertinent to our inclusion criteria to identify additional studies. The Cochrane Database of Systematic Reviews was searched (1800 to July 2009) using the term ''supracondylar''. In addition, the abstracts from the annual meetings of the Pediatric Orthopaedic Society of North America (1995, 1997 Green and Swiontkowski) were reviewed for relevant titles. Finally, the bibliography of each article that met our eligibility criteria was examined for the identification of additional studies. Foreign language articles with English abstracts were also identified.
Data Extraction
Demographic data from each pertinent study were abstracted. Particularly, the type of supracondylar humeral fracture (extension or flexion), the size of the patient population, and the number of fractures in the patient population were extracted. Patient age range, average age, sex, and fracture sidedness were additionally documented.
Additionally, abstracted were the number of patients who suffered at least one traumatic nerve palsy; the total number of nerve palsies; and the number of patients presenting with median, anterior interosseous, radial, posterior interosseous, or ulnar neurapraxia, as were the number of patients who experienced multiple nerve involvement. When described, iatrogenic neurapraxia resulting from closed reduction followed by percutaneous pinning with either lateral-only or at least one medial pin was additionally recorded.
Data Pooling
All traumatic neurapraxia data were first collectively pooled for analysis. This population was comprised of both extension-type and flexion-type fractures. Data for traumatic neurapraxia were divided into 2 groups: displaced extension-type supracondylar humeral fractures and displaced flexion-type fractures. Studies were hence excluded from this analysis if they described a population that included both extension-and flexion-type fractures without delineating which fracture type was associated with the described nerve palsies.
Similarly, data for iatrogenic neurapraxia caused by all closed reduction and percutaneous pinning of supracondylar fractures were collectively pooled from the included studies for analysis. This pool was subsequently divided into 2 groups: neurapraxia induced by lateralonly pinning and neurapraxia induced by the use of at least one medial pin (a subgroup to which we refer as medial/lateral pinning).
Evaluation of Heterogeneity
Before evaluating the data, the researchers hypothesized that heterogeneity would exist between studies. Particularly, we hypothesized that observational differences in both preoperative and postoperative neural status (with regard to the median, anterior interosseous, radial, posterior interosseous, and ulnar nerves) could potentially represent sources of heterogeneity between studies. To account for such differences, we used the I 2 statistic to determine the degree of variability between studies. 17, 18 I 2 values of 0%, >0%, 25%, 50%, and 75% were characterized as zero, very low, low, moderate, and high heterogeneity, respectively.
Statistical Analysis
Data were analyzed primarily for the occurrence of traumatic neuropathy caused by the fracture and displacement of the supracondylar humerus and secondarily for the risk of neurapraxia caused by lateral-only or medial/lateral percutaneous pinning. Meta-analysis was performed using Comprehensive Meta-Analysis v2.0 (Biostat, Englewood, NJ). The studies included in our meta-analysis were weighted and analyzed according to interstudy heterogeneity, intrastudy heterogeneity, and sample size using the equation 1/(variance+t 2 ). Data sets were pooled using the random effects model with confidence limits set at 95%. 19 The Yates-corrected Fisher exact test was used to compare specific risk of neuropathy between operative treatments.
RESULTS
Literature Search and Study Characteristics
Our PubMed MEDLINE search identified 1509 eligible articles. After screening the titles and abstracts of all potentially applicable studies, 241 articles were selected for full-text evaluation. Ultimately, 55 studies describing 5148 patients with 5154 fractures met our inclusion criteria. Fifty-two were identified through PubMed, whereas the remaining 3 were obtained by screening the bibliographies of included articles and relevant textbooks.
The pertinent methodologies and outcome parameters of the included studies are listed in Tables 1 to 3 . Of the 55 included studies, 52 were retrospective analyses and 3 were prospective cohort studies. No randomized control trial identified in our search met the established inclusion criteria. Thirty-seven studies described traumatic neurapraxia data for extension fractures, 10 described flexion fractures, and 15 described both extension and flexion fractures without attributing neurapraxia to fracture type. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] The number of fractures per study population ranged from 14 to 391. 13, 20, 32, 52 Average patient age, derived from 44 studies and 3943 patients was 6.54 years for all displaced supracondylar fractures, 6.61 years for extension-type fractures, and 7.49 years for flexion-type fractures. Males represented 57.7% of all patients presenting with displaced supracondylar humeral fractures, 58.8% of patients with extension-type fractures, and 57.7% of patients with flexion-type fractures. According to 26 studies describing 2309 patients, the left side was injured 58.2% of the time in all patients, 59 .0% of the time in patients with extension-type fractures, and 47.3% of those with flexion-type fractures. As reported in 3 studies with a cumulative population of 112 patients, the nondominant side was injured in 58.0% of all patients, 65.9% of patients with extension-type fractures, and 58.6% of patients with flexion-type fractures.
Twenty-one of the 55 included articles were subsequently analyzed for the risk of iatrogenic neurapraxia. Of these studies, 10 described neurapraxia associated with lateral pinning and 19 described neurapraxia related to cross-pinning techniques. Nineteen were retrospective and 2 were prospective.
Traumatic Neurapraxia Pool
A total of 5148 patients with 5154 displaced supracondylar humeral fractures met our inclusion criteria. The mean age of patients ranged from 5.0 to 10.7 years. 16, 20, 47, 56 The overall age range of all patients in the included studies was 0.25 to 16.0 years. 38 The unweighted event rate of traumatic neurapraxia for all displaced supracondylar fractures of the humerus in children was 11.3%. When all 5148 patients were pooled [random effects model, 95% confidence interval (CI)], the weighted event rate of traumatic neurapraxia for all displaced pediatric supracondylar fractures of the humerus was likewise 11.3% (moderate heterogeneity, I 2 = 73%; Fig. 1 ). More specifically, the weighted event rates of neurapraxia were 3.0% for the median nerve (low heterogeneity, I 2 = 49%), 4.6% for the anterior interosseous nerve (moderate heterogeneity, I 2 = 61%), 4.1% for the radial nerve (low heterogeneity, I 2 = 32%), 1.1% for the posterior interosseous nerve (zero heterogeneity, I 2 = 0%), and 2.6% for the ulnar nerve (moderate heterogeneity, I 2 = 61%). Patients with more than one nerve affected at presentation occurred at a weighted event rate of 1.7% of all supracondylar fractures (low heterogeneity, I 2 = 47%). For secondary pooling of data into extension-type and flexion-type fractures, 1545 additional patients were excluded from the analysis because they were included in study populations that documented the grouping of extension-type and flexion-type fractures in the same subject population without attributing neurapraxia to specific fracture type. Secondary data pooling based on fracture type yielded an unweighted event rate of 12.9% for extension-type fracture traumatic neurapraxia and an unweighted rate for flexion-type fractures of 15.1% for traumatic neurapraxia.
When all 3457 patients with extension-type fractures were pooled (random effects model, 95% CI), the weighted risk of traumatic neurapraxia was 12.7% (low heterogeneity, I 2 = 47%; Fig. 2 ). In particular, among extension-type fractures, the weighted event rate of neurapraxia of the median nerve was 3.3% (moderate heterogeneity, I 2 = 51%), anterior interosseous nerve was 5.3% (moderate heterogeneity, I 2 = 58%), radial nerve was 4.5% (low heterogeneity, I 2 = 36%), posterior interosseous nerve was 1.1% (zero heterogeneity, I 2 = 0%), and ulnar nerve was 2.3% (moderate heterogeneity, I 2 = 50%). Of extension-type fractures, the weighted event rate for patients presenting with multiple neurapraxic injuries was 1.7% (moderate heterogeneity, I 2 = 52%). Of all extension-type traumatic neurapraxia, median, anterior interosseous, radial, posterior interosseous, and ulnar nerve injuries represented 21.3%, 34.1%, 26.6%, 2.0%, and 15.8%, respectively.
For all 146 flexion-type fractures, the weighted risk of neurapraxia caused by flexion-type fractures was 16.6% (zero heterogeneity, I 2 = 0%; Fig. 3 ). Specifically, the weighted event rate of neurapraxia was 5.1% for the median nerve (zero heterogeneity, I 2 = 0%) and 16.6% for the ulnar nerve (zero heterogeneity, I 2 = 0%). Flexion-type fractures presented with multiple neurapraxias at a weighted event rate of 4.6% (zero heterogeneity, I 2 = 0%). There were no reports of anterior interosseous, radial, or posterior interosseous neuropathy in 146 flexion-type fractures. Of all 
Iatrogenic Neurapraxia Pool
A subgroup analysis of iatrogenic neurapraxia was also performed, in which the risk of neurapraxia during lateral-only and medial/lateral pinning were compared. Of the 5148 patients and 55 articles that were included in our study, 1303 patients from 21 studies met our inclusion criteria for iatrogenic neurapraxia subgroup analysis. The unweighted event rate of iatrogenic nerve injury (lateral and medial/lateral percutaneous pinning combined) in our population of 1303 patients was 2.3%. The weighted risk of iatrogenic neuropathy was 3.9% (very low heterogeneity, I 2 = 16%; Fig. 4 ). Of the 476 patients treated with closed reduction and laterally placed percutaneous pins, the unweighted event rate of neurapraxia was 1.9%, whereas the pooled and weighted risk of neurapraxia was 3.4% (high heterogeneity, I 2 = 76%; Fig. 5 ). In particular, the event rate for neuropathy was 2.8% for the median nerve (zero heterogeneity, I 2 = 0%), 2.2% for the radial nerve (low heterogeneity, I 2 = 32%), and 2.2% for the ulnar nerve (zero heterogeneity, I 2 = 0%) during medial/lateral pinning. There were no reports of anterior or posterior interosseous neurapraxia from a laterally placed pin. Two children suffered multiple iatrogenic nerve injuries for a weighted event rate of 1.7% (zero heterogeneity, I 2 = 0%). Of all iatrogenic neurapraxia induced by lateral pinning, median, radial, and ulnar nerve injuries represented 45.4%, 27.3%, and 27.3%, respectively.
Of the 827 fractures treated with closed reduction and at least one medially placed percutaneous pin, the unweighted event rate of neurapraxia was 2.6%, and the weighted event rate was 4.1% (very low heterogeneity, I 2 = 16%; Fig. 6 ). Specifically, the event rate of neuropathy was 1.4% for the median nerve (zero heterogeneity, I 2 = 0%), 1.5% for the radial nerve (zero heterogeneity, I 2 = 0%), and 3.9% for the ulnar nerve (very low heterogeneity, I 2 = 16%) during medial/lateral pinning. There were no reports of anterior or posterior interosseous neurapraxia, nor were there reports of multiple nerve injuries as a result of cross-pinning. Of all nerve injury induced by medial/lateral pinning, median, radial, and ulnar neuropathy represented 4.8%, 4.8%, and 90.5%, respectively.
When comparing lateral-only with medial/lateral pinning through Yates-corrected Fisher exact test, the risks for median neurapraxia and for ulnar neurapraxia were significantly different (P<0.05), whereas the risk for radial neuropathy was not statistically different. Lateral pinning yielded an increased risk of median nerve injury as compared with that observed after medial pinning [ 
DISCUSSION
The most common complication associated with displaced supracondylar fractures of the humerus in Total  476  476  9  11  5  0  3  0  3  2 children is neurapraxia; however, reports of the incidence of traumatic nerve injury vary substantially, ranging from 2% to 35%. 6, 54 Moreover, the risk of specific nerve injury with regard to the median, anterior interosseous, radial, posterior interosseous, and ulnar nerves has not been well-defined in the literature. Individual reports of neurapraxia have ranged from 0% up to 17%, 21%, 10%, 4%, and 12% for the median, anterior interosseous, radial, posterior interosseous, and ulnar nerves, respectively. 6, 11, 29, 37 A number of large studies have implicated the radial nerve as the most common neurapraxia at patient presentation, 15, 37, 54 whereas others have charged the anterior interosseous nerve. 6, 11, [23] [24] [25] 38, 52 Few reports have highlighted the differences in risk of neurapraxia with respect to extension or flexion fracture types. 5, 6, 8, 11, 12, 14 In this meta-analysis of 5148 patients, we report the incidence of neurapraxia at an overall rate of 11.3% for all displaced supracondylar fractures of the humerus, although subgroup analysis comparing extension-type traumatic neuropathy with that of flexion-type suggests rates of up to 12.7% and 16.6%, respectively. At a rate of 34.1% of extension-type traumatic nerve injury, the anterior interosseous nerve is at greatest risk for neuropathy. Meanwhile, at an impressive rate of 91.3% of their traumatic nerve injury, flexion-type fractures most endanger the ulnar nerve.
With respect to iatrogenic neurapraxia, we report the incidence of neuropathy at an overall weighted rate of 3.9% among 1303 patients, with rates of 3.4% and 4.1% for lateral-only and medial/lateral pinning, respectively. We report an increased risk for median neuropathy during lateral pinning and suggest further investigation into lateral pin neurapraxia. We also confirm that the addition of a medial pin considerably increases ulnar nerve risk.
Extension-type Fractures
With findings of anterior interosseous nerve injury of 21% among 57 patients, Campbell et al 6 have strongly reinforced the notion that the anterior interosseous nerve is the most frequently injured as a result of extension-type fracture of the supracondylar humerus. Cramer et al 24 also reported anterior interosseous neuropathy as presenting with greatest frequency (12% of 101 patients), as did Louahem et al, 11 who described traumatic anterior interosseous neurapraxia at a rate of 9% among 198 patients with displaced supracondylar fracture.
Although the median and anterior interosseus nerves are especially susceptible to injury during posterolateral displacement of the distal fragment, 5, 39, 64 posteromedial displacement is thought to biomechanically increase the risk of radial neurapraxia. 31 Interestingly, posteromedial is reported at a rate of 2 to 3 times that of posterolateral displacement 3 ; although it is not uncommon for median and anterior interosseous nerve injury also to occur in conjunction with posteromedial displacement, 6, 39 it is not surprising that, in contrast to our findings, the radial nerve represents the most commonly injured nerve in certain study populations. In a study population of 304 patients, for instance, Iobst et al 54 reported that radial nerve injury outnumbered all other traumatic neuropathy; similarly, in study populations of 108 and 162, respectively, Lipscomb 37 and Brown and Zinar 15 submitted that radial neurapraxia predominated over anterior interosseous nerve injury by a ratio of approximately 3 to 1.
Despite its apparently high frequency, much of the literature neglects to comment on traumatic anterior interosseous neurapraxia, [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] the likely reasons for which are 2. The first is that it is not uncommon for researchers to describe neuropathy of both the median and its anterior interosseous branch collectively as median neurapraxia, regardless of the nerves' difference in function. 66, [71] [72] [73] 79, 81 The second is that anterior interosseous deficiency may not be reported clinically, as the nerve solely serves motor and not sensory function. The nerve thus has potential to be overlooked during the neurological examination, particularly if the examined child is experiencing pain or discomfort, and may represent another reason that various literature favors the radial nerve in its traumatic neurapraxia findings.
Flexion-type Fractures
Although neurapraxia coincided with extension fractures at a rate of just 12.7%, we report a 16.6% rate of nerve injury associated with flexion-type fractures. Mahan et al 12 support these results, reporting neuropathic injury in only 3% of all extension fractures, but a considerable 19% of all flexion fractures. Fowles and Kassab 5 likewise reported an increased risk of nerve injury in flexion fractures; traumatic flexion-type neurapraxia presented at a rate of 17%, whereas extension-type neuropathy occurred at a rate of just 7%. Gadgil et al 8 and Louahem et al, 11 on the contrary, did not confirm the flexion-type preponderance toward nerve injury, in that extension-type neurapraxia of their study populations appreciably outnumbered that of flexion-type fractures. To verify the significance of a potentially increased neurapraxic danger associated with flexion fractures, it would be necessary to sizably increase our flexion-type study population.
In addition, we report ulnar neurapraxia at a rate of 91.3% of all neuropathy associated with flexion-type supracondylar fractures. In fact, the ulnar nerve was the only nerve injured in all but 2 of the 146 patients studied; in each of the 2 exceptions, median neuropathy presented, once in combination with the ulnar nerve and once alone.
12, 13 Fowles and Kassab suggested that the anterior displacement of the distal humerus is apt to induce stretching and angulation of the ulnar nerve as the proximal humerus projects posteriorly, trapping the nerve between the fractured fragments. 5 Furthermore, the researchers suggest that the median nerve may be subject to a certain risk of neurapraxia, as it lies directly over the region of the anteriorly displaced distal fragment.
Lateral Pinning
After subgroup analysis of 476 patients who underwent lateral-only pinning, the weighted event rate for iatrogenic neurapraxia was 3.4%. This outcome is substantially greater than the unweighted event rate of 1.8% published in a systematic review by Brauer et al. 82 Although 155 patients included in our subgroup analysis for lateral pinning were not included in their study, the Brauer et al systematic review included 678 of our study patients and 417 additional patients and therefore was more inclusive than our study's subgroup.
Median neurapraxia presented in patients treated with lateral-only pins at a rate of 2.8%. Of the neurapraxic patients, median neuropathy predominated over all other nerve injury, representing 45.4% of all lateral pin neuropathy; radial and ulnar neuropathy, each occurred in 2.2% of all patients at event rates of 27.3% of all lateral pin iatrogenic nerve injury. Furthermore, the researchers report a significant increase in risk of median neuropathy for lateral-only pinning as compared with that of medial pinning. As lateral pin neuropathy is not often considered outside the context of the ulnar nerve, the researchers recommend a more thorough investigation of lateral pin neurapraxia, including the potential risk of median nerve injury.
Medial Pinning
After subgroup analysis of 827 patients who were treated with at least one medial pin, iatrogenic neuropathy was seen at an overall rate of 4.1%. Although still higher, these results are similar to the 3.5% proposed by Brauer et al 82 as well as the 3.6% noted by Ozkoc et al. 16 On the contrary, a number of researchers reported essentially no risk of medial pin neurapraxia in fairly large study populations, 26, 29, 42, 43, 48, 58, 60 whereas others reported neuropathic risk substantially greater than 4.1%. 32, 45, 47, 53 Of particular importance, ulnar neurapraxia represented 92.3% of all neuropathy induced by the placement of a medial pin. Although the risk of lateral pin neurapraxia is somewhat unclear, our medial pin results reconfirm the long-held conviction that the ulnar nerve is at significant risk with medial pin placement, as all but 2 cases of nerve injury caused by medial/lateral pinning were of the ulnar nerve.
32,53
Study Limitations
Although we present what we believe to be a thorough assessment of nerve injuries associated with displaced supracondylar fractures of the humerus in children, our findings must be interpreted within the context of the study design. The most important of our limitations was that the results of our analysis were derived almost exclusively from observational studies of which neurological status often was not the primary outcome. Furthermore, because nearly all included studies were retrospective in nature, the documentation of neurological status was not standardized across individual observers; consequently, the rates of nerve injury we report almost certainly underestimate the incidence of neuropathy. The empirical level of evidence of our study thus could have been improved had more prospective and randomized control studies been included.
In light of these limitations, however, the researchers believe that we have minimized potential performance and reporting biases by utilizing inclusion criteria that allowed only consecutive series of patients for which nerve injury was clearly described. Moreover, of our traumatic neurapraxia data, no analysis was derived from studies rated as having ''high'' heterogeneity. Although heterogeneity was ranked as ''moderate'' in certain extension-type analyses, there was zero heterogeneity among flexion-fracture study parameters; thus, any differences in flexion-type outcomes presumably were due to chance alone. Similarly, iatrogenic data were derived completely from studies of zero, very low, or low heterogeneity. Only the result for overall risk of neurapraxia caused by lateral pinning was derived from study outcomes showing high heterogeneity; the increased heterogeneity, however, confirms that lateral-pin neurapraxia is not well understood.
CONCLUSIONS
With 5148 patients and 5154 fractures, this is the largest pooled meta-analysis to assess the risk of nerve injury associated with displaced supracondylar fractures of the humerus in children. We report traumatic neurapraxia in approximately 12.7% of all patients presenting with extension-type fractures and in 16.6% of all patients presenting with flexion-type fractures. Moreover, the researchers maintain that of extension-type fracture neurapraxia, the risk of anterior interosseous nerve injury ranks highest, whereas of flexion-type neuropathy, the ulnar nerve is most susceptible to injury.
In performing subgroup analysis of iatrogenic neurapraxia caused by closed reduction and lateral-only and medial/lateral pinning, we report an overall rate of iatrogenic neuropathy of 3.9%, whereas specifically, lateral pinning neuropathy occurred at a weighted event rate of 3.4%, and medial/lateral pinning nerve injury occurred at a rate of 4.1%. We confirm the risk of ulnar neurapraxia in medially pinned patients and suggest that lateral pinning may carry neurapraxic risk with respect to the median nerve.
